Abstract-The construction of the microenvironment is of great importance for the study of cell behaviors such as motility and viability. The morphology and mechanical properties of cells can be affected by the microenvironment and interactions between cells. There have been numerous studies on cell-cell and cell-microenvironment interactions. However, these studies are generally time-consuming and complicated for the following reasons: firstly, constructing the microenvironment is complex, as the microenvironment itself is complicated; secondly, the internal characteristics of different components of the microenvironment are highly variable and difficult to simulate. Using a digital micromirror device (DMD)-based optical projection lithography system, we have developed a new method for cell studies: by employing a digital dynamic mask, poly(ethylene glycol) dimethacrylate (PEGDMA)-based hydrogels could be easily designed with a wide variety of patterns. Those structures can be rationally designed to be functional, as different modules can mimic the microenvironment and restrict the migration of cells. Furthermore, 4% paraformaldehyde can be mixed into the PEGDMA and cured using UV exposure. Paraformaldehyde in hydrogels had a moderate impact on the viability of cells.
INTRODUCTION
The microenvironment [1, 2] is vital for cell studies, as it can influence the migration [3, 4] , differentiation, and proliferation of cells. Furthermore, the morphologies and mechanical properties of cells vary in different microenvironments. For in vitro cell research, it is common to construct a microenvironment; a more complicated microenvironment provides more accurate representations of in vivo cell behavior. Several methods have been used to achieve this, including laser-directed cell writing [5] , soft lithography [6, 7] , inkjet printing [8] , and surface modification treatment [9] . Each technique has its own advantages and disadvantages. For example, laser-directed cell writing is a high-precision and simple process, but the equipment is costly.
Photolithographic techniques mainly bind photosensitive groups to the adhesion ligands of cells by projecting specific patterns onto the substrate. Ultraviolet (UV) light [10] is exposed through a previously designed mask, and the exposed area is cured to obtain the desired pattern. The exposure process is rapid and high-throughout; however, it takes time to design and manufacture the masks, and a photoresist is required, which restricts the development of this technology. Soft lithography involves transforming the pattern on the mask to the substrate using a photoresist. The advantage of soft lithography is that it can be used on most substrates, regardless of whether the substrate is planar or not. However, there is also a major disadvantage to this technique, as the fabrication of the mask is a timeconsuming and complicated process.
The time-consuming fabrication process of masks hinders the potential of this technique for many experimental processes. In order to solve this problem, we have developed a digital micromirror device (DMD)-based [11, 12] optical projection lithography (DOPL) system. The system has many major advantages; it is mask-free [13, 14] , and therefore flexible. Using this technique, modules can be constructed consistently and quickly, and the edges of the structures are clear. This technique can also be used to cure different modules for different aims, such as restricting the movement of cells, promoting growth, and many others. When the gel is mixed with a 4% paraformaldehyde solution [15] , paraformaldehyde is released slowly to kill neighboring cells.
II. MATERIALS AND METHODS

A. Composition of the DOPL system
The DOPL system consisted of five parts: a chargecoupled device (CCD) camera, a platform, projection lenses, a DMD, and a UV laser. Through the projection lenses, designed images were patterned onto the glass substrate. The UV laser was used as a light source; in this experiment, substrates were exposed to light at a wavelength of 375 nm and an intensity of 50 mW. The DMD is a kind of optical switch; it was operated by rotating different mirrors to open and close optical switches. The mirror had two stable states: rotation to 12° or -12°. At 12°, the mirror reflected the light 978-1-5386-5336-4/18/$31.00 ©2018 IEEE from the UV laser, and the mirror blocked the light at -12°. The device contained 1024 × 768 micromirrors distributed across sixteen blocks to reset and clear previous patterns. The DOPL system is shown in Figure 1 . 
B. Preparation of paraformaldehyde, photoinitiator, and polymer solution
Poly(ethylene glycol) dimethacrylate (PEGDMA) [16, 17] hydrogel was chosen as a polymer for light curing, and diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) was chosen as the photoinitiator. A 4% paraformaldehyde solution was selected to test cell viability via the slowrelease of the chemical.
The polymer solution was prepared in three steps: first, pure PEGDMA (Mn=750); Sigma Aldrich, St. Louis, MO, USA) was mixed with ethyl alcohol at a ratio of 3:7 (v/v) and magnetically stirred for 30 min. After the PEGDMA was fully dissolved in the ethyl alcohol, TPO was added to the prepolymer solution at a concentration of 0.5% (w/v) and the solution was magnetically stirred for 30 min. For some samples, 4% paraformaldehyde was mixed with the above solution at a concentration of 1:10, 1:5, 3:10, or 1:2 (v/v), and ultrasonicated for 30 min to mix the solutions evenly.
After adding 4% paraformaldehyde at the concentrations specified above, the gels were cured with UV light. Thereafter, ethyl alcohol was added to the solution for 30 min to dissolve uncured PEGDMA. Next, the microstructures on the glass substrate were washed with phosphate-buffered saline (PBS). Finally, the glass substrate was placed in a new petri dish for cell experiments.
C. Layout and fabrication of hydrogel microstructures
PEGDMA is widely used in bioengineering and materials engineering because of its corking mechanical properties and biocompatibility. When exposed to UV light, the TPO in PEGDMA produces free radicals. Free radicals [18, 19] are vital in the cross-linking reaction; they combine and react with monomer molecules by opening carboncarbon bonds in the PEGDMA monomer. Through this reaction, the PEGDMA solution was converted to a solid layer with the designed patterns. Figure 2 shows that PEGDMA could be cured into different structures, such as a pentagram, a triangle, and a circle. According to previous studies [20] , the cured area was unfit for cell proliferation and migration. Therefore, PEGDMA could be used to guide cell behavior. In our experiment, we designed a so-called "lattice" structure: a 2 × 6 array of circular gels was arranged to form a square; a 1 × 6 array of gels cured with different patterns (circle, octagon, rectangle, and rhombus) was used to divide the region into several compartments. These four patterns were used to test and verify whether the pattern would have an influence on cell behavior. Furthermore, gaps of different sizes within a single pattern in an array were also studied. The distances between single patterns were 5 μm, 10 μm, 15 μm, 20 μm, or 25 μm.
D. Preparation and treatment of cells
The 3T3 mouse fibroblast cell line was chosen because the cells display close interactions during growth. Cells were cultured in an incubator with 5% CO 2 at 37 °C. The cells were cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM; Hyclone, Thermo Fisher Scientific, Waltham, MA, USA) containing 1% penicillinstreptomycin and 10% fetal bovine serum. Cells were cultured for 3 days; excess medium was then removed, and 2 mL fresh medium with 0.25% trypsin/EDTA was added. After 2 min, the trypsin and added medium was removed to obtain suspended cells. A total of 200 μL cell suspension solution was added to each petri dish containing glass substrates with the previously described patterned microstructures. In live (green)/dead (red) staining, 15 μL propidium iodide (PI) and 10 μL calcein AM were mixed in 8 mL PBS, and cells were treated in the solution for 15 min. The staining solution was then removed, and petri dishes were washed with PBS. Tie was used to capture stained images.
III. RESULTS AND DISCUSSION
A. PEGDMA patterning
According to previous studies, cells cannot grow on the surface of cured PEGDMA; its lattice structure can be used as a barrier to hinder cell motility, as well as to change the morphology and mechanical properties of the cells. As shown in Figure 3 , the lattice structure had a clear surface appearance and sharp edges. Fig. 3 . The so-called "lattice" structure of the designed hydrogel. It consisted of a peripheral circular array, and internal circular, octagonal, rectangular, and diamond arrays. All internal arrays were crisscrossed.
B. Cell behavior
After synthesizing the module, 3T3 cells were introduced and monitored under an inverted fluorescence microscope. In this experiment, we designed arrays that were circular-, octagonal-, rectangular-, and diamond-shaped. During the adsorption and growth process, cells may change their morphology to fit the edge of the microstructure. Interestingly, the edges of the cells were the same as those of the microstructures. We also inserted gaps between two modules of each array; the distances between single patterns were 5 μm, 10 μm, 15 μm, 20 μm, or 25 μm. Cells tended to pass through larger gaps (20 μm and 25 μm).
C. Effects of drugs on cells
In order to test the effects of drugs on cells, we introduced 4% paraformaldehyde to the gels. Paraformaldehyde is generally used to kill and fix cells in situ. The drugs in the PEGDMA modules were released slowly; by continuously capturing images, we were able to visualize the whole procedure. Figure 4 shows an octagonal array with different ratios of paraformaldehyde added to the PEGDMA gel. Pictures were taken using an inverted fluorescent microscope after culturing for 24 h. The number of living cells decreased as the concentration of paraformaldehyde was increased. The yellow dotted lines in Figure 4e and f represent the edges of the modules; green represents living cells, and red represents dead cells. Dead cells were mainly concentrated near the modules. These results show that 4% paraformaldehyde had an inhibitory effect on the proliferation and migration of cells. Figure 5 shows the transformation of cells after growth for 0 h, 8 h, 16 h, and 24 h on PEGDMA gels containing 4% paraformaldehyde at a ratio of 1:2 (v/v). Over time, cells closer to the modules showed a decrease in activity and died. 
IV. CONCLUSION
In this study, we introduced a new method of synthesizing microstructures, termed the DOPL system. Using this system, a wide variety of modules were produced; through experimental verification, we found that most of them had a clear surface appearance and sharp edges. Here, we used this system to research cell behavior; different pattern arrays were designed to verify whether the appearance of microstructures would influence cell adhesion and migration. The gaps between two structures affected cell migration; cells passed through larger gaps more easily. Finally, we also investigated the slow-release effects of the hydrogel. After mixing 4% paraformaldehyde with PEGDMA at different concentrations, we found that increased concentrations of 4% paraformaldehyde inhibited the activity of cells.
In future studies, different drugs can be used to test the reactions of cells in these microenvironments. Further research is also required on the slow-release rate from the gel. Apart from PEGDMA, more biocompatible hydrogels must be considered. This technique may have a wide range of applications in fields such as biological engineering, tissue engineering, and others.
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